ODR-10-GFP is also localized to cilia when expressed moved at a mean rate of 0.71 Ϯ 0.04 m/s (n ϭ 31). The rates of anterograde and retrograde movement were in the two AWB olfactory neurons under the strong promoter of the candidate receptor gene str-1 (Troemel et significantly different from one another (p Ͻ 0.001), suggesting that two different transport mechanisms are al., 1997). The strong AWB expression of ODR-10-GFP allowed us to see both cilia and discrete puncta in the used. The duration of individual vesicle movements ranged from 3 to 52 s, with a mean duration of anterodendrite and cell body of the AWB neuron ( Figures 1A  and 2A ). The punctate structures were heterogeneous grade movement of 7.4 Ϯ 0.9 s and a mean duration of retrograde movement of 12.4 Ϯ 2.1 s. in size and shape; some appeared to be Յ0.5 m in diameter, whereas others were tubular and Ն2 m in The dendritic vesicles moved at rates comparable to motor protein-driven transport (0.5-5.0 m/s) (Hirolength. They will be called dendritic vesicles, but, due to the limits of light microscopy and the small diameter kawa, 1998). To test the hypothesis that the vesicles were carried by ATP-dependent motor proteins, animals of the AWB dendrite, we could not resolve whether these particles are vesicles inside the dendrites or protein were treated with sodium azide, which uncouples oxidative phosphorylation in mitochondria, thereby disrupting clusters on the dendritic plasma membrane.
The ODR-10-GFP-containing dendritic vesicles were ATP production. In C. elegans, this causes paralysis that recovers rapidly after azide is removed. When animals capable of rapid movement both toward the cilia (anterograde movement) and toward the cell body (retrograde were anaesthetized in 5 mM sodium azide, no vesicle movement was observed, suggesting an ATP requiremovement) (see Figure 1A and supplemental movie S1 at http://www.neuron.org/cgi/content/full/31/2/277/ ment for vesicle movement. To ask whether dendritic vesicles were present in non-DC1). We recorded and analyzed vesicle movements in 14 adult animals, in which a total of 50 moving vesicles transgenic animals, we examined electron micrographs of the sensory dendrites of wild-type adults. Immediwere observed for periods of 30 s to several minutes. The movement was saltatory, involving rapid steps, ately proximal to the transition zone at the base of the sensory cilia we observed an accumulation of coated rests, and resumption of movement. In four instances, a vesicle changed direction during observation. Vesicles vesicles similar to those previously described by Perkins et al. (1986) , with as many as 10 to 15 vesicles in a single entered both the cilia and the cell body and emerged from these compartments as well. The speed of vesicle dendrite ( Figure 1B To extend the analysis of unc-101 and define its funca polarized cytoskeleton. In frog olfactory neurons, the basal body at the base of the cilia has been suggested tions, we examined the localization of several cilia proteins in different types of sensory cilia. C. elegans sento orient dendritic microtubules (Burton, 1985 Figure 1D ). In daf-19 mutants, all sensory neurons lack the proximal ecules. unc-101 was required to localize ODR-10-GFP receptor to cilia of the AWA neurons, the AWB neurons, transition zone and organized microtubules, and these To ask whether unc-101 mutants exhibit a general defect tic vesicle protein synaptobrevin (SNB-1) were separately expressed under the ASI-specific str-3 promoter in protein sorting, the localization of other membrane proteins was examined. All C. elegans neurons express and examined in wild-type and mutant animals. ODR-10 protein was localized to the ASI cilia in wild-type syntaxin, which is mostly localized to axons (Saifee et al., 1998). In whole-mount immunostaining, syntaxin is animals but was delocalized on the plasma membrane of the cell body, axon, and dendrite in unc-101 mutants concentrated in the nerve ring and ventral nerve cord and mostly excluded from cell bodies ( Figure 3A ). This ( Figures 4A and 4B) . Thus, unc-101 is required for localization of ODR-10 to the ASI cilia. By contrast, ODR-10-staining pattern was unchanged in unc-101 mutants ( Figure 3B ). If syntaxin were as delocalized in unc-101 GFP was localized normally to the sensory cilia of unc-11 mutants (data not shown). mutants as ODR-10, we would expect either reduced staining in the axon or additional staining in the cell When expressed in ASI, the synaptic vesicle protein SNB-1-GFP localizes to about seven vesicle clusters bodies; neither was observed.
A subset of sensory neurons, interneurons, and motor per axon, suggesting that it labels ASI synapses ( Figure  4C ). SNB-1-GFP localization in ASI was normal in uncneurons express the glutamate receptor glr-1 ( By sequence, UNC-101 is most similar to the 1 adapadaptor. Some localized epithelial plasma membrane proteins are sorted directly from the TGN, whereas othtors that act in the TGN, but it has not been tested As noted above, the localization of STR-1 was less different speeds in the anterograde and retrograde directions, suggesting that at least two motors mediate affected by unc-101 mutations than ODR-10. The STR-1-ODR-10 chimera bearing the ODR-10 carboxyl termitheir transport. Three kinesin genes and a dynein gene were not required for ODR-10 transport, but the C. elenus behaved significantly more like ODR-10 than did full-length STR-1. In unc-101 mutants, the STR-1-ODRgans genome encodes at least 21 additional kinesinrelated genes, 6 dynein-related genes, and 17 myosin-10 chimera had less protein localized to cilia than STR-1 ( Figure 6C ) and an increased percentage of anirelated genes (The C. elegans Sequencing Consortium, 1998). These include a gene related to a vertebrate mals without any localization to cilia ( Figure 6D ) (for STR-1, 59% of unc-101 animals had some GFP enrichkinesin that is localized to dendrites (Marszalek et al., 1999) . ment in cilia, versus 15% for ODR-10 and 27% for STR-1-ODR-10; p Ͻ 0.05). This result suggests that the carboxyl Dendrites are often described as having randomly oriented microtubules, but the different anterograde and terminus of the ODR-10 receptor influences its requirement for unc-101.
retrograde speeds of vesicle movement suggest that C. elegans sensory dendrites have an intrinsic cytoskeletal The carboxyl termini of STR-1 and ODR-10 are largely dissimilar, except for a hydrophobic/basic residue compolarity. In frog olfactory neurons, dendritic microtubules are polarized with the ϩ ends directed toward the bination immediately after the seventh transmembrane domain (FR in ODR-10, YR in STR-1). This pair of resicell body (Burton, 1985) , and microtubules in the distal half of hippocampal dendrites are also polarized (Baas dues is highly conserved throughout the G protein-coupled receptor (GPCR) superfamily and is part of a short et al., 1988). One potential source of polarity information in sensory dendrites is the transition zone of the cilium, cytoplasmic helix in rhodopsin that lies perpendicular to the transmembrane helices (Palczewski et al., 2000) .
which is a modified basal body and therefore a potential microtubule organizing center. daf-19 mutants, which The same putative helix includes an FxF motif conserved in STR-1, ODR-10, and other C. elegans odorant receplack this structure, are still able to localize ODR-10 protein, suggesting that there is another source of dendritic tors. We mutated both the FR and the FxF residues to alanines in ODR-10-GFP and examined localization of polarity in the absence of the transition zone. The transport of ODR-10 to olfactory cilia is reministhe altered proteins. When expressed in AWB using the str-1 promoter, the FR to AA mutant ODR-10-GFP was cent of opsin sorting to rod photoreceptor outer segments, which are modified cilia. Vesicles containing opnot enriched in the cilia. Instead, the mutant protein was present in a few large vesicles or a reticular pattern sin are transported in a polarized fashion from the photoreceptor cell body through the rod inner segment in the cell body and was frequently delocalized evenly 
